The goal of this project is to investigate the Residual Stress in hot rolled aluminium alloys where both experiments and computer simulation will be implemented in order to get highest degree of investigation. This project is a miniature investigation process of real problem faced by AIRBUS, in the field of failure of wings against superfluous residual stresses. The residual stress level achieved from simulation matches to what received from the hole-drilling measurement after quenching process, hence, the necessity of the complex and expensive hole-drilling method can simply be omitted in the real industry resulting huge time saving in mass production units.
The technology used in this project will help a lot the manufacturers to get a clear idea how to minimize the residual stress level in alloys by improving manufacturing process and machining and hence, maximizing the life of their product without early failure. In many research laboratories and development centres, the procedures for measuring residual stress are being investigated using either experimental method or using only computer simulation [7] [8] [9] [10] . But, hardly the combination of experimental measurement of residual stress and simulation through FE modelling in ABAQUS, been carried out together.
Novelty of the computer based simulation is that the residual stress level can be identified throughout inside the component, thus complexity and expenditure for the strain measurement techniques can simply be avoided. So, this unique analysis not only can bring a completely new technology that may drastically change the idea of residual stress measurement, but also can provide solution on how to constrain residual stress in the structure to its minimum level.
II. RESULT OBTAINED FROM LABORATORY EXPERIMENT OF HOT ROLLING AND HOLEDRILLING
The data are not processed by smoothing and these only reflect the original measured strains distributed along the depth [11] [12] [13] . From the results (Fig. 1) , it is observed that in case of power series method, 10 increments and 5 increments yield almost the same results. It is because of the reason that power series method is less sensitive than the integral method to the effect of experimental errors. So, to be precise, results of 5 increment integral method are selected for comparing with finite element simulations.
III. SIMULATION OF HOT ROLLING
The numerical simulation of the hot rolling of aluminium alloy is developed using an implicit non-linear approach in ABAQUS/Standard version 6.5.1. In this analysis a coupled thermal stress condition along with a coulomb friction model is represented to achieve the contact situation.
The code used for this simulation is ABAQUS/ Standard implicit time integrator, which means that the time step is not limited by stability requirements [14, 15] . Major disadvantage is that a nonlinear system equation must be solved at each time increment. At the same time advantage is that it is straightforward to generate a robust algorithm that varies the time increment at each time step to control local accuracy. As a result, numbers of steps are automatically minimized within the prescribed accuracy.
ABAQUS uses the Newton-Raphson method to solve the non-linear problems as a non-linear problem cannot be solved by a single system of equations. In the case of rolling simulation, load is applied by means of displacement of the roll which simply drags the stock inside the rolling pass because of the friction provided. So, the code breaks the whole procedure into a number of load increments and finds the approximate equilibrium configuration at the end of each load increment. The sum of all the incremental responses is the approximate solution of a non-linear system.
Initial Hand Calculations
Angular velocity of the roll = 10 RPM So, Angular Velocity = 1.0471 Rad/s And, the Radius of roll = 70 mm So, Linear velocity= 73.304 mm/s Due to the symmetry, only one half of the physical system is modelled in FEA, i.e. single roller with half of the stock thickness (Fig. 2) . 
Parts, Properties and Assembly
Properties of material which undergoes the rolling process have been defined with respect to different temperatures and strain rates (Fig. 3) . Both the roller and stock have been defined as deformable bodies i.e. the real scenario. But, to put the proper constraining and boundary condition it is essential to put a rigid surface attached to the inner roller surface. This is one sort of special technique to run the simulation effectively. So, in the assembly ideally three parts are present, deformable roller, deformable stock and rigid surface (Figs. 4 and 5) . The roller is considered as hollow one with wall thickness of 10 mm. The initial position of the stock with respect to the roller is obtained from the hand calculations. The material behaviour of the stock is modelled using inverse hyperbolic sine functions which yield a visco-plastic behaviour linking the flow stress with temperature, strain and strain rate (Fig. 6 ). 
Steps, Sets and Surfaces
There are two steps defined in this simulation. One is to establish the contact between the stock and the roller and the other is rolling pass. In case of rolling pass, simulation is carried out up to the point where the stock is reaching to its steady state condition in order to reduce the simulation time and hence, the computational time and memory usage [16] [17] [18] [19] .
Sets are defined in order to define the boundary conditions. For angular velocity provided to roll, initial feed to the stock and constraining the plate and roll as per real conditions (Figs. 7 and 8). Surfaces are defined to put the interaction in the computer simulation. As this analysis is non-linear one, a single step is broken down into smaller increments so that another solution path can be followed. At the beginning of the each step, it chooses the amount of load in terms of displacement to apply within first increment as a percentage of the total load applied in the whole step. After the first step ABAQUSautomaticallyselectst size of the subsequent increments according to the us indication, in which simulation is the temperature change p increment per node allowed up to 300°C. At the end of ea increment the structure is in equilibrium and ready for the ne increment.
A non-linear structure responses to a small load increment ∆P and ABAQUS calculates the initial stiffness matrix K 0 based on configuration u 0 . ∆P also calculates a displacement correction C a which updates the system configurations ( Fig. 9) . ABAQUS then creates a new stiffness matrix K a and the whole procedure repeated until the system converges. K a calculates the structures internal force I a and if P is the total applied load, then R a (force residual) is calculated as difference between P and I a . If the solution does not converge, ABAQUS performs another iteration to balance the internal and external force. Second iteration uses the stiffness matrix K a to determine another displacement correction c b which tries to bring the system in equilibrium (Fig.10) . A new force residual R b is calculated once again using the internal force and configuration of system again updated to u b . If necessary, further iterations are performed. The convergence of the solution is affected by:
 Relative position of stock androll.  Load applied in the first increment of eachstep.  Type of element used or in other words aspect ratio due to deformation.
In the rolling pass (2 nd step), increment is mentioned up to 1000 while it is taking 463 to get solved. Stock and roll are in contact with each other and the contact pressure could be very high as the reduction ratio is 50%. There are two interactions defined to establish the contact. Fist contact is between the rigid surface and the deformable roller. This is a type of rough contact without any sort of penalty. The second one is between the roller andstock. In this contact phenomenon, some key parameters to be definedaccuratelytodescribetheconditionswithinthecontact area regarding heat transfer, friction and shear stress. So, friction coefficient is defined as 0.3 and at zero clearance conductivity is put as 48000 while zero conductance is put for 1E-12 clearance value (Fig. 11 ).
Interaction, Boundary Conditions and Loads
The standard Coulomb friction model assumes that no relative motion occurs if the equivalent frictional stress τeq is less than the critical stress defined as: Whenever the equivalent stress is at the critical stress or over, ABAQUS allows slip to occur between the surfaces. Frictional coefficient between roller and the stock is chosen as 0.3 which is quite appropriate from the theoretical point of view. Frictional coefficient also varies with a lot of other criteria like reduction ratio, temperature and rolling speed. Though it varies with these factors, still, it is convenient to consider a constant value for friction coefficient. It is the reason, why 0.3 is selected as this coefficient.
Middle plane of the stock is kept as fixed in vertical direction while center of the roll to be fixed both in horizontal and vertical directions. Left side of the plate is given the feed as per hand calculations and roller is given calculated angular velocity (Fig. 12) . As this analysis is of coupled thermal displacement type, initial temperatures of stock and the roller are put as 400°C and 20°C respectively. In order to have accurate heat flow from the specimen, material behaviours have been put with highestaccuracy.
Elements
Element type chosen for both the stock and roller is CPE4RT, which is compatible with 4-node plane strain thermally coupled quadrilateral, bilinear displacement, temperature and reduced integration. 150 mm long x 5 mm height stock is consisting of 300 numbers of elements in horizontal direction and 10 numbers of elements in vertical direction. As application of adaptive mesh control yields problems in solving this simulation, choice of initial level of meshing is vital one for this simulation. Finer meshing density is used for stock than that of roller (Fig.13) .
Fig. 13. Meshing of roller and stock

Results
Main focus of obtaining the resultsis to get the output from steadystateconditions.VonMisesstress,strain,strainrateand temperature have been taken under considerations only after judging that the steady state condition achieved well. Though the running time in the real stock length is 2.2992 seconds, only after 0.8 seconds, this simulation is reaching to a stage which can be considered as steady one. This much of simulation takes around four hours to getsolved (Fig.14) . From the stress profile ofthe stock, it is understood that the rolled stock has been achieved the steady state as the value of the stresses are unique throughout the surrounding length of thestock (Fig. 15) . From both the contours and graphs, it is clear that the portion of stock of interest has been reached to steady state condition (Fig.16) . Also, incompressibility of the material is being proved by: 
Temperature
It is found that the steady state temperature is 233°C (Fig.19) . 
Discussion
All the stress, strain, strain rate and thermal components are successfully obtained from the hot rolling simulation. So, coupled thermal displacement analysis is perfectly carried out without any drawback. Stress, strains and temperaturesare coming as per the expectation from the theoretical point of view. So, this simulation can be said as successful in as aspects and the steady state data can be transferred to the initial level of quenching simulation.
IV. SIMULATION OF WATER QUENCHING
Water is most popular and effective quenching medium used for hot aluminium alloys. Main advantages are that water is cheap, readily available and reasonably flexible with the temperature change. Major technical advantage is that it can provide rapid quenching for achieving high properties in many different alloys. It is always convenient to use the water at room temperature but the main drawback of this method is that many portion of the specimen can wrap or distort during rapid quenching which need further straightening procedure. Also, the thicker plate may achieve higher level of residual stresses.
In the water quenching process, total heat transfer between water and specimen surface can be described by the governing equation composed of film coefficient and temperature difference. Main aim of the finite element modelling is to put the stress, strain and temperature data of the steady state condition of hot rolling simulation, as the input data for quenching simulation for all the elements (Fig. 20) .
During this simulation some problems were faced while trying to model the problem using database application menus. So, this simulation is finally generated by writing scripts in ABAQUS. The stock is the main part needed to take under consideration for further analysis and it is modelled by using the same structure and dimensions without considering symmetry (150 long × 5 mm thick). Properties are kept the same used in the rolling simulation and only a single step has been used. In the interaction module, film coefficient valuehas been set to 50 W/m 2 .°C for all the surfaces. Element type has been selected the same as in rolling one (CPE4RT) to achieve the coupled thermal displacement analysis. Another special consideration to carry out the coupled analysis is that lower end points of the stock have been fixed in the 2-D spaceframe,i.e. linear displacements in X and Y direction and rotational displacement about Z axis are zero. As per the real scenario this simulation should take more than hundred hours to get solved (Fig. 21) . So, in order to reduce the simulation time without reducing the accuracy of the result film coefficient has been selected as 5000 W/m 2 .°C instead of 50 W/m 2 .°C.
Results
As the film coefficient is put 10 times more than the real one in order to obtain the result in faster manner, only 65.5 seconds is good enough to get the perfect results. Still, with this changed value, simulation took around nine hours to visualize the result. Temperature Temperatures profiles mentioned in Figs. 22 and 23. 
Stress
Stresses generation throughout the specimen (Fig. 24) . To obtain the coupled outputs, mechanical constrains are put at the bottom two corners (Fig. 25) . In real it is not feasible, but, this is the best consideration to run this simulation. This is the reason why stress generated at the bottom two corners and the stock is bent. These two factor can simple be ignored as main area of focus is stress, strain, strain rate and temperature of the overall specimen.
Strain
Maximum and minimum in plane logarithmic strain (Fig. 26) . 
V. COMPARISON BETWEEN EXPERIMENTAL RESULTS AND SIMULATION OUTPUT
The experimental data for comparison taken from integral method with 5 increments and the parameters to be compared are maximum and minimum principal stresses, strains and temperature. But in the experiment, data received for the strain is the direct readings from the instrument. So, in order to compare the results, these strain values need to be transferred to the maximum and minimum principal strains. The strain values received: ε a = 16.0 µs, ε b = 12.5 µs, ε c = -3.0 µs So, by the formula, maximum and minimum principal stresses are given by: 20.0 N/A 20.0 "Hot rolling of Aluminium Alloy" carried out by a group of researchers in "Institute of Microstructural and Mechanical Process Engineering: The University of Sheffield". At the same time all the outputs are as per the hypothetical prediction. As long as temperature is main focus area for quenching analysis, the finite element modelling in ABAQUS/Standard yields good prediction. Moreover, components of final stresses and strains are also as per expectation of theoretical views.
Some variations have come at the end of seconds imulation, mainly because of there dundantmechanicalconstrainsputinthequenchingmodellinginordertorunaperfect coupled thermal displacement analysis.Fromthepracticalpointofviewitisunderstoodthatthestockusedinquenching is acting like a thin plate fixed at both theends.So,naturally,thestresslevelswillbeabithigherthanthetheoretical and experimental results. It is same reasonwhythesimulated strain levels differ from the otherresults.Anotherpossible reason may be the scaling up of filmcoefficientusedin quenching simulation to get the resultswithinpermissiblelimit of time. In the hot rolling simulation,accuratetimevaryingfrictioncoefficientscanalsohigherthelevelofprecisioninthefinalresults.Also,inthequenchin gsimulation,elementsizehasbeenchosenas1mm1mm.So, as per the theory, Gaussian point is coming at 0.5mmfromthe top surface for the first row of elements. But therealvalueof stress in that particular element may be atsomeotherheight. So, refining the mesh size can result a betterresultwithmore accuracy. Some other reasons forthedifferencesbetween results may be our considerationofperfectrectangularblockduringquenchingsimulation,whileinrealthestockgotcurvatureattheends.Mostimpo rtantly,steadystateconditionsaretakenfromthehotrollingsimulationforquenching simulation and no heat lossisconsideredmeanwhile. But in actual case, all the elements of stockarenotreached in steady condition and there must be afinitetimeintervalbetweenhotrollingandquenching,resultingheatloss.So,furtherscopeofimprovingtheresultsofthisproject can be listed from the above conclusions.Morerealisticmechanicalconstraininginthequenchingsimulation,puttingmore accurate time varying coefficient of friction in therolling simulation, refining the mesh density and finally, enabling the finite element model to run as long as it requires by using non-magnified accurate value of film coefficient, can hugely enhance the accuracy of this results to match the experimental and theoretical ones. Considerations of real shape and actual states of all the elements after the hot rolling simulation and accounting the heat loss before the quenching simulation can also predict the results in a much better way.
Enormous scope to improve this project is ahead and well defined. Due to the time constrain, the research in finite element modelling is paused in this stage. But, it can be predicted that using and modifying the coding file generated in this project, finite element modelling with this technique will be known as the best method for measuring the level of residual stresses inside any structure in the nearest future.
